Non-covalent doping by pure charge transfer complexes is one possible solution to tune at low-cost electronic properties of carbon-based nanostructures, more specifically to enhance their conductivity. Here, we present a thorough density functional theory-based study of charge transfer estimates, by comparing available integration/partitioning scheme of the electronic density in periodic boundary conditions, as well as the influence of the exchange-correlation term, the cornerstone of DFT by testing various exchange-correlation functionals. Our test case is made of a freestanding graphene monolayer in interaction with two prototypical donor/acceptor molecules: TTF and TCNE. These results illustrate the role played by the exact exchange in the description of charge transfer processes, as well as the difference between the density-based and wavefunction-based partitioning schemes used in this study. When using hybrid functionals, charge transfer are usually smaller than when using standard generalized gradient approximations, especially for the donor molecule. In terms of electronic density partitioning schemes, both strategies provide quite similar charge transfers; however, each intra-molecular decomposition presents very distinct features, making the discussion of atomic charge reorganization on the electron/donor molecule highly dependent on the selected partitioning scheme.
Introduction
Graphene, a single exfoliated layer of graphite, was first obtained by the group of Novoselov [1] . Due to its special honeycomb structure, implying only sp 2 carbon atoms, the valence band (VB) and the conduction band (CB) intersect at the Dirac point. Interestingly, the energy-momentum dispersion is linear around the Dirac point [2] . As a result, ballistic charge transport has been observed [3] , and ideally, this property could be useful in wide range of applications. Therefore, graphene-based devices have been considered as a promising alternative to conventional silicon-based ones. By shifting the Fermi level relative to the Dirac point, the carrier type and concentration in graphene can be controlled through electrical doping either with an external electric field [1, 4, 5] or chemical doping with different atoms and/or molecules, see Refs. [6] [7] [8] [9] and references therein. Among all the possibilities offered by a chemical functionalization of a graphene, the physisorption of some electron donor/acceptor molecules is particularly simple, nondestructive and effective [10, 11] . The mechanism of charge transfer (CT) between electron donor/acceptor (EDA) and a graphene monolayer has been elucidated by one of the author [12] , completed by a later study [13] . CT occurs as soon as a difference in electronic chemical potentials is present at the interface. This difference is thus simply determined by the relative positions of the graphene Fermi level and the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals of the adsorbate. If the LUMO of the adsorbate lies lower in energy than the Fermi level of graphene, electrons will flow from graphene to the adsorbate making graphene doped by holes, i.e., p-type. On contrary adsorbates with the HOMO lying above the graphene Fermi level will act as donors, thus n-type doping graphene. Theoretically speaking it means that to be predictive and quantitative, a DFT study of the interaction between any electron donor/acceptor molecule and graphene needs to include (1) a correct description of the electronic structure of the molecule, more specifically to put the HOMO/LUMO energy at the right position and (2) since the adsorbate is only physisorbed, a correct description of the van der Waals forces is mandatory, to put the molecule at the right distance above graphene. Indeed, in the work of Hu et al., it has been shown that CT is crucially dependent on the distance between the EDA molecule and graphene [12] . The main concern of all the previous studies in this field was devoted to theoretically determine the existing CT, mainly thanks to the "Quantum Theory of Atoms in Molecules" (QTAIM) that is able to partition the electronic density based on topological arguments [14] . Mind that vdW interactions were not systematically included in previous works dealing with the interaction between organic EDA molecule with graphene [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Thus, it is challenging to correctly describe CT complexes usually since (1) the local density approximation (LDA) or generalized gradient approximations (GGA) of the exchange-correlation functionals tend to over or under-bind, respectively, (2) the position of the HOMO or LUMO adsorbate with respect to the Fermi level of graphene may be erroneous. We propose here, to investigate the use of hybrid functionals, which provide electronic structures, especially HOMO-LUMO gap, in better agreement with experimental data, to estimates CT for two prototypical EDA molecules, the electron acceptor TCNE (tetracyano-ethylene) and the electron donor TTF (tetrafulvalene) in interaction with graphene. We also compare different methods for the projections/partitioning of the electronic densities, to quantify the CT.
Computational details
The atomic structures have been obtained from DFT calculations using the VASP package [25, 26] . It uses the projectoraugmented wave scheme [27, 28] to treat core electrons. The 2s and 2p states of carbon and nitrogen, 1s state of hydrogen and 3s and 3p states of sulfur have been treated explicitly in the valence. The graphene model used is made of ( 7 × 7 ) primitive cell, with a relaxed C-C bond length of 1.42 Å. As usual in this type of calculations, we have applied a supercell approach, with a vacuum region of more than 16 Å to avoid interaction between periodic images in the perpendicular direction. On top of this substrate, one single molecule (TCNE or TTF) has been absorbed, in various sites of high symmetry using the notations of a previous work [12] . All atoms were allowed to relax with a force convergence criterion below 0.005 eV/Å, and to ensure a reliable distance between the adsorbate and graphene, we have accounted for van der Waals interactions through the use of opt-B86b-DF scheme [29, 30] for every geometry optimization runs. The plane-wave basis set cutoff energy was set to 400 eV with a Gaussian smearing method of 0.1 eV width, in order to assure well converged total energy and force values, in conjunction with a ( 3 × 3 × 1 ) Γ-centered k-point grid. Choice of the exchange-correlation functional has been tested to estimate CT, by using spin-polarized version of the generalized gradient approximation (GGA) PBE [31] , two hybrid functionals PBE0 [32, 33] and HSE [34] [35] [36] , as well as RSHXLDA scheme [37, 38] known to produce correct long-range exchange behavior. Bader charge analysis, based on atoms in molecule theory [14] , was performed using Henkelman's Group program [39] [40] [41] , after a careful checking of the integration grid dimension controlled by the fast Fourier grid parameters. Those charges have been compared with the ones from a Mulliken-like population analysis (MPA) within VASP. Indeed, it is well known that absolute partial charge values can vary significantly between different partitioning schemes [42, 43] . MPA from VASP wavefunction was performed by integrating up to the Fermi energy the density of states projected onto an atomic Slater basis set (pDOS). These charges are hereafter mentioned as pMPA charges. The projection of the PAW wavefunction was achieved with the Lobster software, using the pbeVASPfit basis set [44] [45] [46] . The charge spilling, a criterion that assesses the quality of the projection, was systematically lower than 1.0%. Various electronic density decomposition schemes (MPA, AIM-Bader, natural population Analysis [47] , CM5 [48] ) were also applied to TCNE and TTF molecules alone, using the 6-311++G(d,p) Gaussian basis sets within the G09 software [49] . These wavefunction analyses were performed with the Multiwfn software [50] .
Results

Free compounds
Several atomic charges calculation methods are first going to be evaluated on the gas-phase TCNE and TTF molecules. Two procedures based on molecular orbitals were examined-i.e., in the framework of Gaussian atomic basis sets-the Mulliken population analysis (MPA) and the natural population analysis (NPA). They have been compared to two methods based on the density distribution: the Bader's Atom In Molecule (AIM), also known as Bader charges, and the Charge Model 5 (CM5), which is an extension of Hirshfeld population analysis. AIM charges were also calculated from the density functional electronic charge distributions calculated in a pseudopotential-plane waves basis set, under periodic boundary conditions, i.e., with a supercell approach. Molecular orbital-based methods cannot be directly used with such methods, both because a density matrix in a localized atom-centered basis set is required, and because the electronic wave function for periodic systems is given in reciprocal space, thus yielding electronic states delocalized over all space. A way to circumvent these fundamental challenges is to employ a plane waves to atomic orbitals projection scheme. This is the strategy used in the present study, taking advantage of a projected density of states, from which an MPA can be easily achieved. It must be underlined that since the resulting charges, referred to as pMPA charges, are obtained within an orthonormal minimal Slater basis set, they are not expected to be similar to the Gaussian atomic basis sets MPA charges. On top of that, the PBE GGA functional will be compared to the PBE0 hybrid functional. The comparison of the AIM or pMPA charges in these free compounds with the complexes will then show where the electron density depletion or increase does occur upon an intermolecular CT phenomenon.
TCNE molecule The first general comment is that PBE0 and PBE atomic charges are very close, whatever the method ( Table 1 ). The explicit exchange contribution in the functional does not significantly affect this property. Although basis sets and pseudopotentials differ between VASP and G09, AIM charges are found to be almost the same, thus showing a weak basis set dependency of this density partitioning scheme. Not surprisingly, MPA and pMPA charges strongly differ from each other. It is a good point for pMPA, since MPA atomic charges are questionable, with a 2.29e (PBE) or 2.46e (PBE0) very strong charge on the ethylenic carbon atoms and a strongly negative charge on the cyano groups carbon atoms (PBE: − 1.03e, PBE0: − 1.10e). Interestingly, it can be seen from Table 1 that pMPA and NPA charges are very similar, whereas CM5 charges are to some extent found to be closer to pMPA and NPA than to AIM. All methods agree that nitrogen atoms are negatively charged, with a ca. − 1e charge with AIM and a
TTF molecule As observed previously with TCNE, PBE0 and PBE charges are very similar (Table 2) . MPA again provides very different charges from the other methods, and pMPA and NPA charges are still very close. Whereas in TCNE the AIM charges were close to unity on the C and N atoms of the cyano groups, no large intermolecular charge 
Charge transfer complexes
As shown previously [12] , if several adsorption sites presenting high symmetry can be tested, indeed they are almost degenerate, with energy differences smaller than 0.2 kcal/ mol. In this respect we propose here to discuss only the most stable state of adsorption for TTF and TCNE, starting for Bridge and Hollow geometries, respectively, since the effect of the orientation of the molecule with respect to the graphene layer is really weak with CT differing by less than 0.02e at maximum between different adsorption sites. The selected optimized stacking geometries are depicted in Fig. 1 . We recall the importance of including van der Waals forces in the xc-functional term to yield correct adsorption height: with opt-B86b-DF TCNE lies 3.2 Å above the graphene, while with PBE it is 3.38 Å. The same change is observed for the TTF molecule. The corresponding adsorption energies are in line with previous studies with values around − 30 kcal/mol when dispersion forces are included in the electronic correlation term. On top of these geometries, we have performed AIM-Bader analysis, with various xcfunctionals and also compared for two density decomposition schemes, namely AIM-Bader and pMPA.
xc-Functional
In Fig. 2 , TCNE and TTF CTs estimated by AIM-Bader scheme are shown for four selected xc-functionals on the same set of geometries. Surprisingly, for the acceptor molecule, the effect of using hybrid-type functional is weak, of the order of the integration's precision. Only RSHXLDA functional provides a slightly smaller CT probably due to its long-range exchange corrected HF term, compared to GGA estimates. So for this particular molecule, the estimates of CT by Bader analysis is more influenced by the distance between the molecule and graphene [12] , and not primarily by the difference in the electronic structure of the molecule due to the use of hybrid functional, which usually In other words, space CT seems to be mainly governed by density overlaps between the two subsystems and globally the use of HF exchange term does not affect this overlap for the TCNE case. For the donor case, the situation is different, the PBE values is more than three times larger than with hybrid functionals, for the same molecule-graphene distance. When comparing the fundamental gaps for the freestanding TTF molecule which are 2.1, 3.1, 3.9 and 7.0 eV for PBE, HSE, PBE0 and RSHXLDA, respectively, one cannot find the origin of the discrepancy, the differences between GGA and hybrid values being very similar to the TCNE case. Here, we propose that GGA tendency to overdelocalize electronic density already presented as a manifestation of self-interaction error (SIE) [51] , is thus responsible for the CT differences. Indeed, if one looks at Fig. 3a) , one immediately sees that the use of PBE0 hybrid functional relocalizes density mainly around C-S bonds and S atoms for a freestanding TTF molecule. Upon adsorption this relocalization is more pronounced especially on S atoms. Assuming that the CT is mainly governed by density overlaps, since PBE suffers more from SIE for this particular test-molecule, PBE provides over-estimated CT values.
Electron density partitioning
In Table 3 , CT evaluations with pMPA and AIM for both molecules and two different xc-functionals are given. We also provide the final magnetic moment of the calculation cell, since it is a relevant physical property [43] and a direct manifestation of the CT. Indeed, since a pristine graphene is diamagnetic, any charge changes (being positive or negative) on graphene do not affect the total magnetic moment, contrarily to the adsorbate. This indirect estimate of the CT is accurate if the adsorbed molecules do not interact strongly with the and * orbitals of the graphene. Since TCNE and TTF molecules are physisorbed on graphene, one can be confident in these values. By comparing electron density partitioning schemes, the main comment is that pMPA approach always provides larger CT than AIM, and suffers from xc-functional's choice too. Regarding TTF, larger absolute values are yielded with PBE than with PBE0. Interestingly, AIM CT values for the TCNE molecule are very close to the magnetic moment value for both functionals, when one can observe larger differences for the TTF molecule. From this table, one can indeed conclude that PBE overestimates the CT for TTF-Graphene system, since a zero magnetic moment is obtained for this system. Slightly more reliable results are obtained with the use of a hybrid functional, the PBE0 CT being − 0.04e, making the CT much smaller for this donor molecule than for the acceptor TCNE molecule. Experimentally, CTs are observed in G-band shifts in Raman spectra for some graphene flakes in interaction with TTF solution [11] , the shifts being smaller for TTF than for TCNE at the same concentration. Thus n-doping of graphene is much less efficient than p-doping, as observed experimentally. Moreover, in order to explain the discrepancy between the AIM CT value and the zero magnetic moment for the TTF molecule, one may suspect (Fig. 1) . As already found in freestanding TCNE, ethylenic carbons are found to be negative with pMPA and positive with AIM. Whereas the CT is found to be fairly the same with both methods, they do not agree in the charge redistribution from graphene to TCNE. According to AIM, the CT occurs mainly toward nitrogen atoms (− 1.14e versus − 1.05e in the freestanding TCNE), whereas according to pMPA, it is both nitrogen and ethylenic carbon atoms that benefit from the CT (C/N: − 0.29e/− 0.39e vs. − 0.17e/− 0.27e). Regarding now TTF, both methods find that the CT toward the graphene is weak, and the comparison between the charges given in Fig. 3 and those reported in Table 2 shows so that there is no significant charge redistribution upon the adsorption of TTF on graphene.
Conclusion
To sum up, as already mentioned in a previous work, the primary interaction between an EDA molecule and a pristine graphene is of physisorption type. It appears thus natural to describe those systems with the help of an exchange-correlation functional that treats explicitly van der Waals forces. This imposes a correct distance between the adsorbate and the carbon-based substrate and at the same time authorize CT through space since electronic densities overlap. To estimate this CT, we have considered two different schemes: one based on the AIM-Bader theory on one side and Mullikenlike scheme based on an atomic Slater basis set projection. AIM-Bader charge transfer appear reliable for both donor and acceptor molecules, pMPA scheme seems to overestimate those CTs. However, the intra-molecular partitioning are clearly different, for TCNE molecule for instance even some changes of sign are observed between the two schemes for the charge of two central C atoms. This makes the discussion of the extra-charge localization over the constituents of the molecule difficult. For the calculations considering the TTF molecule, the estimated CT is much weaker. When a portion of exact exchange in included, this CT is even more decreased, making GGA calculations not reliable for this system. Globally, this weak CT values are in line with experimental data, graphene is indeed less efficiently n-doped than p-doped, at the same concentration of dopants. More systematic studies, especially with others donor molecules, are thus further required. Out of these results, we can only advice to use both partitioning schemes, firstly to double-check the charge transfer values and secondly since they appear complementary in terms of extra possible analysis, one based on the topological aspects of the electronic density, the other scheme being based on a more natural molecular orbitals like analysis.
